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Final Report
Optoelectronic THz Impulse Ranging

D. Grischkowsky
School of Electrical and Computer Engineering and Center for Laser and Photonics Research
Oklahoma State University, Stiliwater, OK 74078

Statement of Problem

We have developed and demonstrated some of the fastest optoelectronic circuitry in the world.
Driven by ulirafast repetitive laser pulses, this circuitry allows for real time characterization on
the psec and fsec time scale of a variety of high performance devices and for high bandwidth
transmission line studies. Via this circuitry we have developed a complete optoelectronic THz
beam system which can generate and detect 200 fsec pulses of freely propagating THz
radiation with a resolution of 65 fsec and a signal-to-noise ratio of more than 3000. This
performance cannot be matched by any other system. At present, this system is being copied
and implemented world-wide.

An important and unique application of the THz system rests on the fact that the system
can perform high resolution impulse ranging studies in the absence of an absorptive chamber.
This situation results from the time gating of the receiver and the consequent ability to separate
in time the desired signal from spurious reflections. This feature, together with the short
wavelengths involved, makes possible realistic laboratory characterizations of radar signatures;
i.e., realistic ratios of wavelength/target size are possible in addition to more realistic distance
scales measured in wavelengths. These investigations are facilitated by our highest
demonstrated amplitude signal to noise ratio of 10,000, corresponding to a dynamic range of
100 million for the power observable by the receiver. Within this contract interval we initiated
and completed the first stage of an aggressive experimental and theoretical program with the
goal of complete target identification by the delayed response from THz impulse excitation.

1. Introduction

A potentially simple way to identify complex targets is by the late time response after
illumination by a short pulse. For this case a short pulse excites resonances within and between
scattering centers on the target which are aspect independent. After detection of the initial
reflected pulse, or specular reflection, the excited resonant modes radiate the late time
response. Recent work has examined the late time response for target identification, in both
the time and frequency domain. Besides providing a potentially simple way to identify target
characteristics, measurement of the response of an object to a short excitation pulse may also
provide information on the physical processes responsible for the scattered field, which is often
unavailable or obscured in frequency domain measurements. To develop time domain target
identification methods it is important to correlate theoretical predictions with data from actual
scattering experiments. Since it is often impractical to obtain ranging data on full scale targets,
geometrically scaled targets are often used in conjunction with theoretical models and
measurements from actual targets.

Here we describe our results, achieved during this contract interval, involving the use of
optoelectronic techniques to generate single cycle pulses of freely propagating THz radiation,
and thereby demonstrating ultrawide bandwidth scattering from both metal and dielectric simple




geometrical targets. These pulses are the best approximation to impulse excitation ever used

in ranging studies and have an absolute bandwidth larger than any other previously reported.

The relatively short wavelengths of the THz pulse permit target features of less than 1 mm to be
observed, making this technique ideal for scale ranging measurements since realistic target to
wavelength ratios can be maintained. Furthermore, the measurement window achieved by the
optoelectronic gating technique together with the subpsec response time of the detector
enables only the scattered signal from the target to be detected, providing background free
measurements.

II. Experiment

The experimental system has been has been described in detail in previous progress reports
and in the publications generated under this contract."*”

III. Theory

The theoretical approach has been has been described in detail in previous progress reports
and in the publications generated under this contract."*”

Program Results with Optoelectronic THz Impulse Ranging

Late Time Target Response Measured with THz Impulse Rangingl’7

Within this contract interval time domain impuise scattering of freely propagating single cycle
THz radiation from dielectric targets has been measured in the far field with sub-picosecond
resolution. The initial specular reflection as well as the late time response of the targets was
observed to approximately 100 times the initial pulse width. The measured scattered fields
agree well with the calculated scattering for early and late time response in both the time and
frequency domains. The data was fit to both an exact result from an inverse Fourier transform
of calculated frequency domain scattering as well as an intuitive model based on physical
optics. The physical optics picture was verified directly in the time domain, and surface wave
propagation velocities were measured.

" Temporal Isolation of the Scattering Mechanisms from Dielectric Spheres Responsible for

the Terahertz Glory?

The surface wave scattering processes responsible in part for the optical glory have never been
compared with theoretical predictions. We have used THz impulse ranging to measure the time
domain impulse response of spherical targets with sufficiently high temporal resolution to permit
the surface wave contribution to the total impulse response to be isolated. Consequently, the
first direct experimental comparison for the surface wave with numerical calculations using the
Mie theory as well as the surface wave approximation of van de Hulst and a simple geometrical
optics model was performed. Comparing the measured time dependent scattered pulse
structure with the geometrical model allows a direct measurement of the velocity of surface
wave propagation. Through a numerical Fourier transform of the scattered surface waveform
the amplitude and phase of the Fourier components were determined and the complex
propagation coefficients of the surface wave were directly measured. Interference of the
surface waves from a dielectric sphere were shown to lead to the frequency and angular
intensity dependence of the THz glory.




Direct Observation of the Gouy Phase Shift'’

Within the contract interval we have performed a unique and direct observation of the Gouy
effect through THz impulse scattering from cylindrical and spherical targets. As obtained here
for the first time, an understanding of the Gouy phase shift through a one-axis (cylindrical) focus
of n/2 in comparison with a two-axis (spherical) focus of x is required to interpret our scattering
results using a time domain physical optics (PO) model for scattering.

Variable Angle Bistatic THz Impulse Ranging"’

We have demonstrated for the first time variable angle THz impulse ranging. This has
permitted the direct measurement of the surface wave loss and dispersion at terahertz
frequencies. Future applications of this capability include novel imaging and nondestructive
evaluation.

Experimental Time-Domain Study of THz Signals from Impulse Excitation of a Surface
Dipole (On-Chip Impulse Ranging)®

Using optoelectronic techniques with subps resolution, we have characterized the electric field
time-domain response from an impulsively-excited, micron-sized dipole antenna on a dielectric
surface. When detected by an adjacent dipole antenna 400 microns distant, two primary
signals were observed, a far field pulse reflected from the back surface of the substrate and a
near field surface pulse. Consistent with the existing theoretical understanding, no far field
radiation propagation was detected along the surface; in contrast the near field emission
appeared as two distinct surface-propagating pulses despite originating from the dipole
simultaneously.

The observed freely propagating, far field THz signal with its clean bipolar characteristic
and subps pulse width is well suited for high frequency on chip communication or synchronous
triggering of electrically isolated circuits as well as interchip communication. The second signal
pulse, which was due to the near field component, consisted of two distinct pulses. These two
near field pulses have the same puise shape, the time integral of the far field radiation puise;
one pulse is inverted with respect to the other. It was observed that the THz experimental
results scale and compare well with a GHz geo-radar theoretical calculation of a horizontal
dipole on a dielectric, excited by an electrical impulse 1000 times longer than that used in this
experiment. This correspondence suggests that macroscopic geological problems could be
studied by our techniques, if modeled appropriately on the laboratory scale. It is also concluded
that the range and characteristics of the near field pulse are important issues which need to be
considered when designing any ultrashort electrical pulse systems as well as in the design of
ultrafast on chip communication architectures. The experimental study also demonstrates the
potential use of the far field pulse for on chip communication of picosecond pulses of THz
radiation.

Propagation of Ultra-Wideband, Short Pulses of THz Radiation through Sub-mm Diameter
Circular Metal Waveguides (A New THz Technology)’

Within the contract interval we have used quasi-optical methods to efficiently couple freely
propagating, subpsec pulses of THz radiation into sub-mm circular metal tubes (waveguides)
and to consequently, measure the transmitted pulses from these waveguides. This new THz
capability couples together waveguide and freely propagating wave technology. The potential
impact on our ranging studies is being assessed. We observe very dispersive, low-loss
waveguide propagation over the frequency band from 0.65 to 3.5 THz, with frequency
dependent group velocities v, ranging from ¢/4 to ¢ and phase velocities v, from 4c to ¢, where
vy, = c¢®). Even though our input spectrum overlaps the cut-off frequencnes of more than 25




waveguide modes, the linearly polarized incoming THz pulses only significantly couple into the
TE,,, TM,, and the TE,, modes. Our observations are in agreement with waveguide theory and
were obtained using 24 mm long and 4 mm long stainiess steel tubes with inside diameters of
240 pm and 280 um, respectively.

Single-mode Waveguide Propagation and Reshaping of Sub-ps Terahertz Pulses in
Sapphire Fibers (A New THz Technology)'

An alternative approach to metal waveguides would be to use dielectric waveguides. Such
waveguides would not have the sharp low-frequency cut-off of metal waveguides and would
thereby extend the low frequency limit. Given a suitable low loss dielectric, such as high-

resistivity silicon with a power absorption coefficient of less than 0.05cm™ over our frequency
range, dielectric waveguides could have much less absorption than metal waveguides. In
addition, due to boundary considerations it should be possible to more cleanly couple, and with
a much higher coupling efficiency, linearly polarized THz radiation into the single dominant
mode for dielectric waveguides than for metal circular waveguides. Such dielectric single-mode
THz waveguides would have the promise of an extremely low-loss, flexible interconnect and
communications channel, with advantages similar to that of single-mode optical fiber.

Within this contract interval we have demonstrated the single-mode propagation of sub-
ps THz pulses in dielectric waveguides (fibers). These demonstrations prove the efficient quasi-
optical input and output coupling to and from such fibers and show the viability of the single-
mode THz fiber interconnect. The fact that the diameters (325 um, 250 um and 150 um) of the
THz fibers are similar to those of optical fibers, including the core and cladding, gives the THz
fibers similar flexibility and handling properties. Because this work was performed with single-
crystal unclad fibers, the waveguide propagation characteristics vary significantly over the
extensive frequency spectrum of the nearly single-cycle input pulses, giving rise to considerabie
absorptive and dispersive reshaping. Good agreement between theory and experiment is
obtained by analyzing the propagation in terms of the single HE,, waveguide mode. The

dominance of the single HE,, mode, despite the fiber dimensions allowing for multimode
propagation, is attributed to the free-space to waveguide coupling.

Plastic Ribbon THz Waveguides (A New THz Technology)"

By configuring the dielectric waveguide into the form of a thin, wide ribbon, it is possible to
reduce the attenuation constant considerably below that of the bulk material of the ribbon, due
to the small filling factor caused by the extensive fringing fields. The ribbon waveguide structure
can be made with flexible, low-loss dielectric materials. Equivalent or even better quasi-optic
coupling than for the circular case is expected. The structure is amenable to photolithographic
techniques due to the planar geometry, thereby allowing active and passive devices to be
integrated with the waveguide.

Within this contract interval, we performed an experimental study and obtained a
theoretical explanation of single-mode propagation and quasi-optic coupling of picosecond THz
pulses in plastic ribbon waveguides. The feasibility of this type of waveguide as a transmission
line and a circuit interconnect for the THz frequency region was thereby demonstrated.
Dispersive, low-loss propagation was observed within the bandwidth from 0.1 to 3.5 THz for
2 cm wide ribbon waveguides made of high-density polyethylene (HDPE), having nominal
dimensions of 150 um (thick) by 10.0 mm (long), and 120 um (thick) by 20.0 mm (long). The
large group velocity dispersion (GVD) of the waveguide causes extensive pulse reshaping and
broadening, resulting in positively chirped output pulses. The experiment and calculations
based on the well-known 2-D waveguide model showed that the linearly polarized
(perpendicular to the plane of the ribbon) incoming THz beam couples predominantly to the




dominant TM, mode resulting in single-mode propagation, even though the wideband inbut
spectrum extends beyond the cutoff frequencies of several higher-order modes.
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